Abstract: We present a detailed theoretical study on terahertz (THz) cavity plasmon polariton in graphene embedded in a Fabry-Pérot cavity under optical modulation. Based on classical electromagnetic theory, we obtain analytically the dispersion equation for cavity plasmon polariton (CPP) modes. The obtained results show the existence of two types of CPP modes in THz range. One can be referred as Fabry-Pérot-like modes and another as surface-plasmon-like modes (SPLMs). Interestingly, the SPLMs can realize notable enhancement of wave localization in comparison with usual graphene plasmons. Moreover, a scheme to modulate the THz CPP modes via visible light irradiation is proposed and examined. We find that the optical pumping can affect rather efficiently the CPP modes via excitation of photon induced carriers. These important theoretical findings indicate that the CPP can be applied in all-optical tunable plasmonic devices in THz bandwidth. This paper is relevant to the application of graphene as advanced optical and plasmonic devices.
Introduction
Since its discovery in 2004, graphene has been considered as a revolutionary material for electronics and photonics owing to its fascinating physical and mechanical properties [1] - [3] . In particular, graphene has demonstrated excellent plasmonic properties spanning from infrared to terahertz (THz) bandwidth. The major advantages of graphene based plasmonic devices are with efficient electrical tunability, low energy loss, strong confinement and two-dimensional nature of the plasmonic oscillations, etc. [4] - [6] . As a consequence, graphene plasmons (GPs) are extremely attractive for enhanced light-matter interaction. In general, the coupling of GPs with photonic modes can induce graphene plasmon polaritons (GPPs) propagating along the graphene sheet [7] - [9] . However, normally GPPs cannot be directly excited by free-propagating light wave due to the requirement of momentum and energy conservation laws for plamson-photon coupling. Besides conventional mechanisms of the coupling via evanescent waves [10] , scattering edges [11] , [12] , optical gratings [13] , etc., the metamaterial and Fabry-Pérot (FP) cavity have been proposed and applied to form and realize the GPPs [14] - [16] recently. Furthermore, the effect of a driving DC electric field, instead of conventional electric gating, on the GPPs supported by a graphene placed inside a FP cavity has been investigated theoretically [17] . The main and obvious shortcomings of metal electrodes used in the methods for both electric gating and driving electric field are including: (i) the electrodes can reduce the effective area for light-graphene interaction, and (ii) it is difficult to fabricate the high-quality Ohmic contacts on graphene (for the case of DC driving) and the electrodes on graphene and the dielectric substrate (for the case of electric gating). Although the optical tuning of dynamic or optical conductivity in graphene has been illustrated [18] - [20] and proposed to be applied in all-optical modulators [21] , [22] , the effect of optical modulation on the properties of GPPs formed in an optical cavity still needs to be examined and studied, and this becomes the prime motivation of the present study.
To make the first step to resolve this important problem for foundational study and for device application, here we present a theoretical investigation on the optically tunable cavity plasmon polaritons (CPPs) supported by a graphene-cavity structure. We intend obtaining analytically the dispersion relation and wave localization for CPP. In contrast to pure numerical methods such as simulations, the analytical approach allows us to gain more freedom to look into the plasmonic properties of a device in terms of device physics. On the basis of these results obtained, we would like to study the properties of CPP in the presence of light illumination. The aim of this study is at examining how the extra light irradiation can affect the CPP dispersion relation from a viewpoint of device application.
Theoretical Model
In this study, we consider a commonly used plasmonic device where a graphene-cavity structure is comprised of a Fabry-Pérot (FP) cavity and a graphene embedded in it, as illustrated in Fig. 1 . To simplify the discussion of the boundary conditions, we assume that the sizes of the graphene-cavity structure in x and y directions are infinite large. The device works in the following way. (i) The graphene is the carrier of the plasmon modes and the GP modes can provide the collective electronic excitation and oscillation. (ii) The FP cavity can provide the quantized photon modes. Thus, THz CPPs can be formed via coupling between the GPs and the cavity modes. And (iii) to modulate the CPP properties, we suppose that a visible light with a fixed wavelength of, e.g., λ = 780 nm, and with tunable radiation intensity illuminates on the graphene inside the cavity. The main effect of the extra light irradiation is on the variation of the carrier density via photoninduced carriers. Here, the cavity length, the DC conductivity of graphene, and the intensity of the modulation light are denoted, respectively, as L, σ G , and I . Considering that the graphene sheet is surrounded by a medium with a dielectric constant ε c , the dominating modes are transverse magnetic (TM) ones. Their electric and magnetic field components can be expressed respectively as E = exp(i qx − i ωt)(E x , 0, E z )
T and H = exp(i qx − i ωt)(0, H y , 0) T . By defining q = (q x , q y ) as the wave vector for a THz photon, one can obtain the z component of the momentum as k z = (ε c ω 2 /c 2 -q 2 ) 1/2 with c being the light velocity in vacuum and ω being the photon frequency. Then, the wave equation and the coupled Maxwell's equations can be expressed as follows [23] :
Here, ε 0 is the permittivity of free space. In the present study, we take ε c = 1 for air or vacuum, which corresponds to a simplified device setup. To obtain the TM modes supported by the proposed plasmonic structure, we assume that the magnetic field takes the form:
By taking H y into Eq. (1), one can get the electric field as:
Next, applying the corresponding boundary conditions, which read E x (0
, an analytical expression for the dispersion relation of the THz CPP can be obtained simply as
Here σ G (ω) is the optical conductivity of graphene. Using Eq. (4), one can derive two types of CPP modes by considering q ࣘ ω/c and q > ω/c, respectively, where q is also known as propagation constant.
For q ࣘ ω/c, the CPP behaves like FP cavity mode and the fundamental one is dominating, which corresponds to 0 < k z < 2π/L. Therefore, we refer it as Fabry-Pérot-like mode (FPLM), whose dispersion relation is in a form:
If the graphene sheet in the cavity is absent (σ G (ω) = 0), the system shown in Fig. 1 becomes a conventional and standard FP cavity, whose fundamental resonant frequency
can be obtained by Eq. (5). Meanwhile, we can also find the CPP with the behaviour akin to surface plasmon polariton for a situation of q > ω/c, namely surface-plasmon-like mode (SPLM). The form of k z now turns into
In this case, the dispersion relation is given as
It should be noted that, for an infinite cavity length (L → Ý), Eq. (6) reduces to
which is the conventional GP dispersion [6] . Moreover, in the presence of an extra or modulation light irradiation the photon-induced carriers can be generated in graphene. The electron and hole densities now differ from their equilibrium (or dark) values under optical pumping. Therefore, the optical conductivity of the graphene layer should be discussed on the basis of a non-equilibrium electron-hole system [17] . In such a case, the electrons and holes in graphene are modulated by the pumping photons with the energy ћ , where ћ is the reduced Planck constant and = 2πc/λ is the angular frequency of the modulation light. In this study, we consider the case of room-temperature (T = 300 K) at which the electronic transition in graphene is dominated by electron-phonon scattering. If the characteristic relaxation time of the electron-phonon scattering is much shorter than that of the electron-hole pair recombination (τ R ), the photo-excited carriers can result in a cascade phonon emission and the electrons (holes) occupy the low-energy (high-energy) states in the conduction (valence) bands. As a result, the relationship between the quasi-Fermi energy E F in graphene and the modulation light can be determined by the recombination mechanisms [18] , which reads
where α = 1/137 is the fine structure constant, k B is the Boltzmann constant, v F = 10 6 m/s is the Fermi velocity of graphene, and T is the effective temperature which is close to the lattice temperature when the radiation field is not intense enough to cause the hot-electron effect. In THz range, we find that the contribution from inter-band electronic transition to σ G (ω) can be neglected even in the presence of optical pumping because the inter-band transition requires the absorption and emission of high-energy photons. Therefore, the optical conductivity used in Eq. (4)- (6) can be approximately represented as [24] 
Here τ is the momentum relaxation time caused mainly by electronic scattering mechanisms and e is the electron charge. It should be noted that Eq. (8) is derived within the random-phase approximation (RPA) in the local limit [24] . Thus it is not only effective for electrically doped graphene but also valid for graphene doping by other approaches. The optical pumping can change the nonequilibrium electron and hole densities, which may influence some parameters in σ G (ω) through a complicated way. For clarity, we simplify the influences of the optical pumping into the change of E F as shown in Eq. (7) and neglect other parameter changes in Eq. (8) . Of course, more effects of the optical pumping can be incorporated into σ G (ω) [20] and the accuracy of our model can be improved, but a particularly complicated calculation will be encountered.
Results and Discussions
As mentioned above, by taking σ G (ω) = 0 in Eq. (5) one can obtain the conventional fundamental FP mode, while the conventional GP can be derived from Eq. (6) with L → Ý. The dispersion relations of the FP and GP modes are shown in Fig. 2(a) . Two cross points (e.g., 0.068 and 0.126 THz) of these two modes can be found, which means that the FP modes can couple with the GPs due to the momentum and energy match. Thus, the CPPs can be formed in the system. Moreover, the coupling between the photon modes and the GPs usually make the dispersion curves different from those without the inclusion of the coupling. As shown in Fig. 2(a) , we can observe two branches of CPP dispersion relations which are apart from the curves of the FP and GP modes. The upper branch represents the FPLM obtained through solving Eq. (5), while the lower one denotes the SPLM achieved via solving Eq. (6) . Furthermore, to examine the ability to confine THz energy of the CPPs, we also present the wave localization of these modes in Fig. 2(b) , which can be expressed as λ air /λ p = Re(q)c/ω. One can see from Fig. 2(a) and (b) that the FPLM has a cut-off frequency which is above that of the FP mode, and it is weakly confined due to λ air /λ p < 1. Meanwhile, the SPLM exhibits typical features of the surface waves whose dispersion curves are always below the light line. This feature differs from conventional GPs. From the view point of energy confinement, the wave localization of SPLM is stronger than that of GP in the whole band. We show that the SPLM can realize more than 2.8 times enhancement of wave localizations in comparison with usual GPs. This advantage is valuable for photonic integrated circuit and information transfer. Furthermore, the distributions of |E x | corresponding to the FPLM and SPLM are also depicted in Fig. 2(c) for clarity.
If we can compensate the momentum mismatch, it is possible to excite both of the FPLM and SPLM when the incident photon frequency is above the cut-off frequency of the FPLM. However, it should be noted that the SPLMs are normally difficult to observe experimentally and the FPLMs are predominant in CPPs. This is mainly due to the fact that the SPLM modes are induced via relatively large momentum transferring for electronic and plasmonic transitions. Thus, the SPLM modes are at a disadvantage in the competition of the mode formation, which require satisfying the momentum and energy conservation laws.
Moreover, since the theoretical approach developed in this study is based on a classical electromagnetic theory, the Rabi splitting induced by strong photon-plasmon interaction cannot be directly obtained as the case of using quantum theories [16] , [17] . However, we are able to estimate the strength of the photon-plasmon coupling through the spacing between the dispersion curves of the FPLM and the SPLM. The large spacing between the two types of modes usually indicates strong coupling, which is electronically similar to the Rabi splitting. Thus, we would like to suggest that these results can provide an alternative approach with a simple and analytical model to investigate the properties of CPPs.
To show the effects of the modulation light on THz CPPs, we calculate the dispersion relation and wave localization for different radiation intensities I , as illustrated in Fig. 3(a) and (c) . On one hand, although the FPMLs exhibit blue-shift with increasing I , this kind of tuning is weak enough to be neglected. The wave localization of FPLM is also insensitive to the modulation light. On the other hand, the dispersion curves of SPLMs show displacement toward the light line with increasing I , which lead to decrease of λ air /λ p in the presence of a stronger modulation light. It should be noted that the modulation effect of I on the SPLMs is relatively weak for lower intensity and notable for higher intensity irradiation. Moreover, the cavity length dependence of the CPP properties is also examined. One can observe from Fig. 3(b) and d that the cut-off frequency of the FPLM redshifts and the wave localization increases with increasing L, while the SPLM properties are nearly insensitive to it. What are the physical mechanisms behind different sensitivities of the SPLMs and the FPLMs to I and L? Based on above presented discussions, we know that the SPLMs behave as the SPPs, which enable the confinement of electromagnetic (EM) energy at subwavelength scale near the graphene sheet and decay exponentially normal to it. Such an effect can lead to the vanishing of the EM fields at the upper and lower boundaries of the cavity. Therefore, the SPLMs are very sensitive to electronic and optical properties of graphene via optical conductivity σ G (ω) which depends on I but is almost insensitive to L, as shown by Eqs. (7) and (8) . In contrast, the confinement of the FPLMs near the graphene layer is so weak that the small change of σ G (ω) cannot induce distinct influence, whereas the cavity length plays a key role in deciding the cut-off frequencies of the FPLMs. These results imply that by examining the dependence of the plasmompolariton modes upon the intensity of the modulation light and upon the cavity length, one is able to identify if the modes are FPLMs or SPLMs.
Finally, since the recombination time τ R and the momentum relaxation time τ are two important sample parameters associated with the electronic and plasmonic properties of graphene, it is necessary to look into their influences on the results. As illustrated in Fig. 4(a) , the recombination time hardly affects both the FPLM and the SPLM. However, the FPLM cut-off frequency slightly redshifts with decreasing τ, while the SPLMs are strongly dependent upon the momentum relaxation time, as shown in Fig. 4(b) . Consequently, for a graphene with small τ, the momentum match condition of the SPLM is very difficult to satisfy due to the requirement of relatively large q. We can infer that in order to observe the SPLM resonances experimentally, high quality graphene samples (with relatively long momentum relaxation time) are practically needed.
It should be noted that we consider a simple situation of ε c = 1 for clarity in our discussion. One can also obtain the properties of THz CPP for different surrounding material with ε c ࣔ 1, which does not change the essence of the physical description of our results. Fig. 4 . The dispersion relation of the CPP modes for different recombination times as indicated in (a) and for different momentum relaxation times as indicated in (b). The inset shows partial enlarged drawing of the dispersion curves for CPPs. In the calculations, we fixed τ = 1.5 ps for Fig. 4(a) , and τ R = 0.15 μs for Fig. 4(b) , when L and I = τ are chosen as 0.25 cm and 1.4 W/cm 2 , respectively.
Conclusions
In summary, we have investigated the photon-plasmon coupling in a device system comprised of a graphene and an optical cavity such as a FP cavity. The major theoretical results have been obtained from a simple electromagnetic theory and been achieved analytically. Most importantly and interestingly, it has been found that in the presence of optical modulation the dispersion relations of the CPPs formed in a graphene-cavity structure can be observed in the THz range. We have demonstrated that the CPPs include two types of collective modes such as the FPLMs and the SPLMs, which can be tuned optically by varying the intensity of the modulation light and the cavity length. Interestingly, the SPLMs can realize more than 2.8 times enhancement of wave localizations compared with conventional GPs. The FPLMs are mainly sensitive to the cavity length, whereas the SPLMs can be controlled by the light intensity predominantly. Furthermore, we have also shown that the SPLMs can only be detected experimentally by using the high quality graphene samples, which usually possess relatively long τ. We hope these theoretical findings can be verified experimentally.
This work has provided an alternative theoretical approach to investigate the plasmonic properties of THz CPPs mainly in an analytically way. Meanwhile, the results obtained and discussed in this article can help us to explore the potential applications as new type of graphene based devices working in the THz bandwidth. For example, graphene-dielectric microstructure [25] , grapheneembedded photonic crystal [26] , graphene modulator in total internal reflection geometry [27] , and graphene based Brewster angle device [28] could be improved to be all-optical modulators and filters based on this work.
